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I.  Introduction 

The  ultimate  goal  of  the  study  of  the  Dynamics  of  Atmospheric  Circu- 
lations, under  Contract  No.  F19628-77-C-0026  has  been  a better  understand- 
ing of  the  maintenance  of  the  general  circulation  of  the  Earth's  atmosphere. 
We  have  sought  this  understanding  via  two  principal  avenues  of  approach  - 
first,  an  investigation  of  the  role  of  water  in  the  energetics  of  the 
atmoi^here,  and  second,  an  attempt  to  construct  a low-order  model  dynami- 
cal model  of  the  atmosphere  spanning  many  horizontal  scales. 

In  the  first  task  our  progress  has  been  substantial.  We  began  by 
attempting  to  formulate  a "moist  available  energy"(MAE) , which  we  defined  as 
the  excess  nonklnetlc  energy  (potential  plus  Internal  energy,  including 
latent  energy)  above  the  minimum  nonklnetlc  energy  for  any  atmospheric  state 
possessing  the  same  joint  statistical  distribution  of  specific  entropy 
and  fractional  water  content  (vapor  plus  liquid)  as  the  existing  state. 

For  a dry  atmosphere,  MAE  would  reduce  to  the  familar  available  potential 
energy  (APE) . 

We  succeeded  in  formulating  the  desired  quantity  in  a somewhat  unex- 
pected manner.  A standard  calculus-of-variations  approach  would  minimize 
the  nonklnetlc  energy  with  respect  to  small  vertical  displacements.  In 
particular,  it  would  not  deal  effectively  with  stratifications  where  the 
equivalent  potential  temperature  decreases  with  height  - the  normal  situa- 
tion in  the  lower  troposphere  in  the  tropics.  In  order  to  obtain  a better 
picture  of  what  is  Involved  in  this  case,  we  constructed  some  atmospheric 
cross  sections  and  drew  in  the  lines  of  constant  equivalent  potential 
temperature  (0^),  condensation  potential  temperature  (0^),  and  condensation 
pressure  (p^) , using  an  adiabatic  chart  to  calculate  the  values. 
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We  discovered  that  the  entire  task  of  rearranging  the  parcels  could  be  per- 
formed graphically  with  the  aid  of  the  adiabatic  chart,  and  thereby  solved 
our  problem  without  the  aid  of  a computer.  Moreover,  the  actual  amount  of 
MAK  could  be  evaluated  by  further  calculations  with  the  adiabatic  chart. 

Our  results  are  described  In  an  article  entitled  "Available  energy  and 
tne  maintenance  of  a moist  circulation",  which  Is  scheduled  to  appear  In 
Tellus  some  time  In  197b.  A copy  of  the  page  proofs  of  the  article  Is 
Included  as  the  main  section  of  this  report. 

One  of  our  principal  results,  based  on  a single  Idealized  atmospheric 
state,  Is  a confirmation  of  the  frequently  heard  statement  that  the  energy 
of  tne  general  circulation  Is  maintained  largely  through  moist  processes. 

We  found  that  tne  production  of  MAE  by  evaporation  and  precipitation  ex- 
ceeded tne  production  by  dlabatlc  heating  and  cooling.  This  result  does 
not  mean  that  tne  general  circulation  would  necessarily  be  weaker  If  water 
did  not  exist.  If  the  earth  could  not  transfer  Its  energy  to  the  atmosphere 
In  the  form  of  latent  heat,  It  would  presumably  be  less  Inhibited  from  trans- 
ferring It  In  the  form  of  sensible  heat. 

Having  obtalnea  a preliminary  estimate  of  the  amount  of  MAE  In  the 
atmosphere,  using  an  Idealized  atmospheric  state,  we  considered  the  sensi- 
tivity of  this  amount  to  changes  In  the  mean  atmospheric  temperature. 
Specifically,  we  asked  how  much  more  MAE  would  be  present  If  the  absolute 
temperature  of  every  parcel  were  Increased  by  2Z,  while  the  relative  humidity 
remained  the  same.  Such  a temperature  Increase  would  lead  simply  to  a 2Z 
Increase  In  APE,  but,  because  of  the  large  Increases  In  moisture  In  the 
warmer  regions  made  possible  by  small  Increases  In  temperature,  we  antici- 
pated a large  Increase  In  MAE.  We  found.  In  fact,  that  the  MAE  would 
increase  by  21Z. 
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The  results  of  this  study,  which  was  carried  out  by  Mr.  Wojclk,  appear 

as  his  S.M.  thesis,  entitled  "Sensitivity  of  moist  available  energy  to 

Increase  in  temperature".  The  abstract  of  this  thesis  follows  (the  reference 

in  It  is  to  the  main  section  of  this  report) . 

"Moist  available  energy  Is  defined  by  Lorenz  (1978)  as: 

'the  amount  by  which  potential  plus  internal  (including  latent) 
energy  of  a given  atmospheric  mass  field  exceeds  that  of  a 
hypothetical  field,  which  can  be  constructed  from  the  given 
field  by  rearranging  the  atmospheric  mass,  under  reversible  dry- 
adlabatlc  and  moist-adiabatic  processes,  to  minimize  the  poten- 
tial plus  Internal  energy.' 

Lorenz  evaluated  the  moist  available  energy  (MAE)  and  the  efficiency 
fields  of  heating  and  cooling  (N),  and  evaporation  and  precipitation 
(N'),  for  a zonally  averaged  mass  field  using  the  graphical  procedure 
he  outlined. 

In  this  thesis,  the  temperature  of  the  mass  field  used  by  Lorenz  is 
Increased  by  2%  everywhere,  while  the  relative  humidity  was  held 
fixed.  MAE,  N,  and  N'  were  then  evaluated  and  the  results  compared  to 
those  of  Lorenz.  MAE  was  found  to  be  very  sensitive  to  temperature 
change.  There  was  a 21%  increase  in  MAE  that  was  due  largely  to  the 
availability  of  additional  latent  energy  in  the  tropics.  The  genera- 
tion efficiencies  also  experienced  large  increases  in  the  tropics." 


Although  there  were  no  accompanying  estimates  of  the  new  rate  of  pro- 
duction of  MAE  - this  would  have  Involved  the  difficult  task  of  estimating 
the  fields  of  heating  and  cooling  and  evaporation  and  precipitation  which 
would  bring  about  the  2%  Increase  in  temperature  - it  is  strongly  suggested 
that  the  Importance  of  evaporation  and  precipitation,  as  compared  to  heating 
and  cooling,  is  quite  sensitive  to  the  mean  global  temperature.  With  less 
Intense  solar  heating,  and  hence  (presumably),  a lower  temperature,  the 
atmosphere  might  more  closely  resemble  a "dry  atmosphere". 

In  order  to  obtain  better  quantitative  estimates  of  the  role  of  water 

should  evaluate  MAE  and  its  rate  of  production 
Because  of  the  Inherent  nonlinear  relation 


in  the  general  circulation,  we 
from  real  observational  data. 


A 
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beCween  MAE  and  the  observable  variables,  we  would  have  to  evaluate  MAE  on 
a day-by-day  basis.  The  graphical  procedure  Is  rather  tedious,  and  highly 
susceptible  to  human  error.  A numerical  procedure  seems  to  be  called  for 
(although.  In  the  days  before  computers,  one  would  as  a matter  of  course 
have  applied  the  graphical  procedure  to  a small  selected  sample  of  data) . 

Much  of  the  effort  during  the  latter  half  of  the  Contract's  existence 

was  devoted  to  seeking  a numerical  method  of  evaluating  MAE.  Our  original 

thought  was  that  the  most  feasible  procedure  would  be  one  In  which  a large 

number  (N)  of  parcels  of  air,  each  with  Its  own  values  of  0 and  6 , are 

e c 

continually  reassigned  different  pressures,  until  the  arrangement  which 
minimizes  the  nonklnetlc  energy  Is  obtained.  Although  we  had  no  difficulty 
in  establishing  rules  to  eliminate  nearly  all  of  the  N'  conceivable  re- 
arrangaaents,  our  efforts  nevertheless  failed  to  yield  a procedure  which 
could  be  carried  out  without  an  excessive  amount  of  computation. 

Accordingly,  we  finally  sought  a method  which  would  be  simply  a trans- 
lation of  the  graphical  procedure  Into  numerical  steps.  We  had  not  per- 
fected the  method  at  the  termination  of  the  Contract. 

In  our  second  task,  the  construction  of  a low-order  model  spanning 
many  horizontal  scales,  our  progress  has  been  slower.  To  establish  such  a 
model.  It  Is  not  sufficient  to  truncate  a spectral  model  by  discarding  all 
wave  numbers  exceeding  a certain  value;  we  must  selectively  truncate  the 
model  and  retain  some  wave  numbers  which  are  higher  than  some  others  which 
we  have  discarded.  Selective  truncation  Is  a relatively  simple  matter  when 
the  governing  equation  la  the  barotroplc  vortlclty  equation,  and  Its  exten- 
sion to  a quaal-geostrophic  barocllnlc  model  la  a tractable  problem. 

However,  the  smaller  scales  of  atmospheric  motion  are  not  even  approximately 
governed  by  such  a model.  Even  the  primitive  equations,  with  the  hydrostatic 
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approxlmaClon,  do  not  handle  cumulus  convection  properly. 

Our  original  Intent  was  to  combine  the  anelastlc  equations,  or  some 
similar  system,  for  the  smaller  scales,  with  the  primitive  equations  for 
the  larger  scales.  This  requires  tying  the  two  systems  together  where  the 
scales  join  or  Interact.  We  have  yet  to  solve  this  problem  satisfactorily. 
Nevertheless,  our  intuitive  feeling  is  that  the  problem  Is  solvable. 

Our  experience  with  both  tasks  has  Indicated  a number  of  avenues  for 
further  research.  In  addition,  although  we  consider  these  avenues  to  be 
"public  property",  open  to  anyone  who  wishes  to  follow  them,  we  shall  be 
following  seme  of  them  ourselves,  under  a new  Contract  ( F19628-77-R-0311) 
whlcii  has  superseded  the  current  one. 

First  of  all,  we  intend  to  perfect  a numerical  procedure  for  evaluating 
MAD.  Whether  it  will  be  one  of  the  procedures  which  we  have  already  ex- 
plored, and,  if  so,  which  one  it  will  be,  we  cannot  say.  We  are  presently 
devoting  our  efforts  to  the  numerical  equivalent  of  the  graphical  procedure. 

When  the  procedure  is  established,  we  Intend  to  evaluate  the  MAE  on  a 
day-by-day  basis  for  an  extended  period  - perhaps  a month  or  more.  We 
shall  then  compare  the  typical  variations  of  MAE  with  those  of  APE. 

Our  computations  would  perhaps  find  their  greatest  use  if  accompanied 
by  computations  of  the  rate  of  generation  of  MAE.  We  do  not  presently  know 
how  to  accomplish  this  aim.  Even  with  a satisfactory  numerical  procedure, 
we  lack  the  day-by-day  data  for  the  hemispheric  distribution  of  heating 
and  cooling,  and  evaporation  and  precipitation.  We  do  not  anticipate  such 
data  in  the  near  future.  It  seems  possible,  then,  that  our  first  ideas 
regarding  the  variations  of  the  generation  of  MAE  may  come  from  numerical 
models,  in  which  the  generating  processes  are  parameterized  in  terms  of  the 
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distribution  of  temperature  and  moisture,  and  perhaps  other  quantities. 

Such  models  might  be  some  of  the  low-order  models  which  we  have  been 
seeking,  and  shall  continue  to  seek.  They  might  also  be  modifications  of 
large  global  circulation  models  which  are  already  in  existence,  and  with 
which  we  shall  probably  not  become  Involved  under  the  new  Contract.  In 
either  event,  another  problem  for  further  research  is  posed  - the  problem 
of  making  a numerical  model  handle  MAE  in  a realistic  manner. 
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ABSTRACT 

Moist  available  energy  is  defined  as  the  amount  by  which  the  potential  plus  internal  (including 
latent)  energy  of  a given  atmospheric  mass  field  exceeds  that  of  a hypothetical  reference  field, 
which  can  be  constructed  from  the  given  field  by  rearranging  the  atmosphenc  mass,  under 
reversible  dry  adiabatic  and  moist  adiabatic  processes,  to  minimize  the  potential  plus  internal 
energy.  Dry  available  energy  is  equal  to  the  amount  of  moist  available  energy  which  would  be 
present  in  a dry  atmosphere  having  the  same  temperature  field  as  the  given  moist  atmosphere, 
and  is  identical  with  available  potential  energy. 

Graphical  procedures  are  presented  for  determining  the  moist  and  dry  reference  field^and 
evaluating  the  available  energies  In  general  the  moist  available  energy  exceeds  the  dry  available 
energy. 

Both  heating  and  cooling  can  produce  and  can  also  destroy  moist  and  dry  available  energy. 
Evaporation  can  produce  moist  available  energy,  while  precipitation  can  destroy  it.  Preliminary 
computations  based  upon  averages  indicate  that  the  total  production  of  moist  available  energy 
by  evaporation  precipitation  is  at  least  as  great  as  the  production  by  heating-cooling,  end 
possibly  much  greater. 


1.  Introduction 

The  atmosphere  possesses  energy  in  many 
forms.  Since  it  is  a circulating  atmosphere,  it 
possesses  kinetic  energy  (KE).  Other  forms  which 
are  directly  or  indirectly  transformed  into  KE  in 
significant  amounts  are  potential  and  internal 
energy;  these  we  shall  refer  to  collectively  as 
nonkinetic  energy  (NKE).  Internal  energ'  includes 
thermal  energy  and  the  latent  energy  of  conden 
sation  and  fusion  of  water. 

Much  of  this  energy  is  originally  supplied  to  the 
atmosphere  by  the  oceans,  through  the  es  aporation 
of  water.  On  a somewhat  smaller  scale,  many  of 
the  more  spectacular  weather  events,  from  tropical 
hurricanes  to  polar  blizzards,  owe  their  existence  to 
the  water  in  the  atmosphere.  Nevertheless,  among 
those  studies  which  have  been  widely  recognized  as 
competent  works  in  dynamic  meteorology,  those 
which  deal  with  a “dry”  atmosphere  of  uniform 
composition  probably  make  up  a majority. 

The  ultimate  source  of  atmospheric  energy  is  of 


course  the  sun.  Mere  external  heating,  however, 
need  not  drive  a circulation.  An  essential  feature  of 
solar  radiation  as  received  by  the  earth  is  that  it  is 
horzontally  non  uniform.  Heating  of  this  sort  will 
always  produce  a circulation,  at  least  in  a dry 
atmosphere  enveloping  a planet  with  a uniform 
surface.  For  in  that  case,  in  the  absence  of  a 
horizontal  temperature  contrast,  the  outgoing 
radiation  would  be  honzontally  uniform,  and  the 
incoming  radiation  would  produce  the  tempierature 
contrast.  Moreover,  in  the  absence  of  motion,  the 
unbalanced  pressure  forces  demanded  by  the 
temperature  contrast  would  produce  motion. 
Qualitatively  it  is  as  though  there  existed  still 
another  form  of  energy,  which  is  measured  in  terms 
of  the  horizontal  temperature  contrast,  generated 
by  horizontally  non-uniform  healing,  converted 
into  KF  by  reversible  adiabatic  processes,  and 
virtually  unaffected  by  the  irreversible  processes 
which  dissipate  KE. 

In  a previous  paper  (Lorenz,  1955).  hereafter 
referred  to  as  A,  we  identified  available  potential 
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energy  (APE)  as  such  a form.  This  is  not  a form  of 
energy  to  be  added  to  K E and  NK  E to  ma)te  up  the 
total,  but  is  simply  a portion  of  Vie  existing  NKE 
available  for  conversion  into  KE  under  suitable 
conditions.  We  defined  it  in  A as  the  amount  by 
which  the  NKE  of  the  existing  atmospheric  state 
exceeds  that  of  a hypothetical  state,  which  can  be 
constructed  from  the  existing  state  by  rearranging 
the  mass  of  the  atmosphere,  under  reversible 
adiabatic  processes,  to  minimize  the  NKE.  It  is 
equivalent  to  a quantity  which  Margules  (1903) 
introduced  as  "available  kinetic  energy"  in  his 
famous  paper  on  the  energy  of  storms. 

We  showed  in  A that  APE  can  be  approximated 
in  terms  of  the  variance  of  temperature  within 
horizontal  layers,  while  the  production  of  APE  can 
be  approximated  by  the  covariance  of  heating  and 
temperature  within  these  layers.  The  conversion  of 
.\PE  into  KE  is  the  same  thing  as  the  conversion  of 
NKE  into  KE,  while  almost  no  APE  is  produced 
when  frictional  dissipation  of  KE  produces  NKE. 
In  short.  APE  provides  a convenient  framework  for 
relating  the  production  of  KE  to  the  distribution  of 
external  heating. 

In  A we  implicitly  assumed  that  “reversible 
adiabatic  processes”  meant  reversible  dry  adiabatic 
processes.  This  does  not  mean  that  we  ignored  the 
release  of  latent  energy  which  occurs  during 
condensation.  We  simply  did  not  treat  moist - 
adiabatic  processes  as  being  adiabatic,  and  did  not 
look  upon  latent  energy  as  a form  of  internal 
energy;  instead  we  treated  the  release  of  latent 
energy  as  a form  of  heating. 

This  approach  does  not  introduce  any  quanti 
tatively  incorrect  results.  Nevertheless,  it  is  not 
altogether  satisfactory  in  investigations  where 
water  plays  an  important  role.  From  a logical  point 
of  view,  moist-adiabatic  processes  are  adiabaUc, 
and  the  release  of  latent  energy  is  something  which 
has  to  accompany  a moist  adiabatic  temperature 
decrease,  rather  than  a form  of  external  heating 
which  might  or  might  not  occur.  From  a practical 
point  of  view,  evaluation  of  the  production  of  APE 
requires  a knowledge  of  Uie  regions  where  latent 
energy  is  released.  It  is  not  at  all  obvious  how  these 
should  be  related  to  the  regions  of  surface 
evaporation.  Hence  APE  fails  to  provide  the  ideal 
framework  for  relating  all  of  the  external  influences 
to  the  production  of  K E 

The  principal  purixise  of  this  work  is  to 
reformulate  the  concept  of  available  potential 


energy  in  a manner  which  is  more  in  keeping  with 
the  importance  of  water.  Our  definition  will  be 
unaltered,  except  that  reversible  adiabatic  pro 
cesses  will  include  moist -adiabatic  as  well  as  dry 
adiabatic  processes.  We  shall  call  the  newly  defined 
quantity  moist  available  energ)'  (M.\E).  We  shall 
use  the  term  dry  available  energ}’  (DAE)  in 
terchangeably  with  APE,  as  previously  defined, 
and  refer  simply  to  available  energy  in  statements 
which  apply  equally  well  to  MAE  and  DAE.  We 
shall  subsequently  investigate  the  effects  of 
evaporation  and  precipitation,  as  well  as  heating 
and  cooling,  upon  the  production  of  MAE. 

2.  Graphical  determination  of  the 
reference  field 

The  state  of  the  atmosphere  at  a particular 
moment  is  determined  by  its  field  of  mass  and  its 
field  of  motion.  The  former  is  given  for  practical 
purposes  by  the  spatial  distributions  of  density, 
pressure,  temperature,  and  the  various  phases  of 
water.  The  latter  is  given  simply  by  the  distri- 
butions of  the  wind  components.  Although  the  twe 
fields  are  often  in  approximate  geostrophic  equilib- 
rium, we  shall  recognize  the  superposition  of  any 
field  of  motion  upon  any  field  of  mass  as  a 
physically  possible  atmospheric  state. 

It  is  convenient  to  think  of  the  atmosphere  as 
consisting  of  a large  number  of  "parcels”  of  equal 
mass.  A parcel  is  supposed  to  be  so  small  that 
within  it  the  spatial  vanations  of  the  meteorological 
variables  can  be  disregarded.  These  variables  will 
acquire  new  values  as  time  progresses,  but  eacn 
parcel  will  continue  to  contain  the  same  matter. 
Changes  in  the  state  of  the  atmosphere  may  then  be 
looked  upon  as  rearrangements  of  the  parcels. 

We  shall  call  two  fields  of  mass  equivalent  if 
each  parcel  can  pass  from  its  state  in  one  field  to  its 
state  in  the  other  by  a thermodynamically  rever 
sible  adiabatic  process.  No  restriction  w'ill  be 
placed  on  the  mechanical  forces  needed  to  re 
arrange  the  parcels.  Given  a glotal  mass  field,  we 
seek  among  all  equivalent  fields  the  one  which 
possesses  the  least  NKE.  We  shall  call  this  the 
reference  field.  The  available  energy  is  the  dif- 
ference between  the  NKE  of  the  given  field  and  mat 
of  the  reference  field. 

In  practice  we  must  oAen  work  witn  hemispheric 
instead  of  global  mass  fields.  Sometimes  we 
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pu^poselv  work  with  fields  occupying  limited 
regions  of  the  atmosphere. 

We  shall  deal  separately  with  a dry  atmosphere 
and  a moist  atmosphere,  the  latter  being  a mixture 
of  dry  air,  water  vapor,  and  lit;  :id  water.  The  liquid 
water  will  occur  as  cloud  droplets.  We  shall  not 
consider  the  possible  presence  of  ice,  which  in  any 
event  would  not  greatly  alter  our  results.  We  may 
therefore  disregard  the  latent  energy  of  fusion.  We 
shall  make  the  common  assumption  that  if  the  total 
water  content  of  a parcel  is  insufficient  to  produce 
saturation,  there  will  be  no  cloud,  while,  if  it  is  more 
than  sufficient,  all  of  the  excess  water  will  appear  as 
a cloud.  We  shall  assume  a state  of  approximate 
hydrostatic  equilibrium,  and  disregard  the  presence 
of  topography. 

The  internal  energy  of  a parcel  depends  upon  its 
thermodynamic  state.  The  potential  energy  de- 
pends instead  upion  its  height  z.  Under  hydrostatic 
conditions  r is  determined  by  the  thermodynamic 
states  of  all  the  parcels  in  the  same  column;  the 
relationship  is  in  fact  used  to  evaluate  heights  from 
radiosonde  ascents.  As  a consequence,  the  total 
NKE  of  the  atmosphere  is  determined  by  the 
distributions  of  the  thermodynamic  variables,  and 
IS.  moreover,  equal  to  the  total  enthalpy.  The 
reference  field  is  t^’irefore  the  equivalent  field 
possessing  the  least  enthalpy.  For  the  dry  at- 
mosphere enthalpy  is  synonymous  with  sensible 
heat;  for  the  moist  atmosphere  it  equals  sensible 
heat  plus  latent  energy. 

In  the  dry  atmosphere  two  variables  will  deter- 
mine the  thermodynamic  state  of  a parcel.  Com- 
mon choices  are  pressure  p and  specific  volume  a, 
or  p and  temperature  T.  By  contrast,  three 
variables  are  needed  in  the  moist  atmosphere.  A 
natural  choice  is  p.  a,  and  the  total  mass  of  water  q 
per  unit  mass  of  the  mixture.  An  alternative  choice 
IS  p.  T,  and  the  relative  humidity  r.  provided  that  a 
s alue  of  r exceeding  unity  indicates  the  presence  of 
clouds  rather  than  sutiersaturation. 

Fig.  1 represents  a hypothetical  field  of  mass. 
Tne  ordinate  is  p,  decreasing  upward,  while  the 
abscissa  x.  which  ranges  from  0 to  1,  represents 
fractional  area  ol  the  earth's  surface.  Mass  is 
rcpteseried  by  area  in  the  diag.'am,  while  surfaces 
’"•r.ome  curves. 

The  solid  and  dashed  curves  have  been  freely 
transcribed  from  Figs.  10  and  1 ft  of  a previous 
work  (Lorenz.  196'’!;  these  give  estimates  of  the 
normal  northern  hemisphere  winter  distributions  of 


T and  r.  In  transcribing  the  curves,  we  have 
identified  I - x with  the  sine  of  the  latitude.  With 
slight  alterations  we  have  made  z = 0 everywhere 
on  the  IO(X)  mb  surface,  and  T = 220  K and 
r = 0.55  everywhere  on  the  200-mb  surface. 

The  field  of  Fig.  1,  being  based  on  averages,  is 
presumably  different  from  any  instantaneous  mass 
fieid  which  has  ever  occurred.  In  particular  it  has 
no  clouds.  It  nevertheless  shares  some  features  with 
real  global  mass  fields.  Notable  among  these, 
besides  the  obvious  poleward  and  upward  tem- 
perature decrease,  are  the  conditional  instability 
and  high  moisture  content  at  low  levels  in  the 
tropics. 

We  shall  use  this  field  to  demonstrate  the 
procedure  for  finding  the  reference  fieid.  Because  T 
and  r are  constant  at  200  mb,  the  parcels  below  the 
200-mb  level  may  be  rearranged  independently  of 
those  above,  and  we  shall  not  consider  the  region 
above  2(X)  mb  at  all. 

Precise  determination  of  the  reference  field 
would  involve  rather  awkward  formulas  which  are 
best  handled  numerically.  Pending  the  development 
of  a suitable  computer  program,  we  shall  offer  a 
graphical  procedure.  The  computer  will  be  replaced 
by  the  meteorological  thermodynamic  diagram,  or 
adiabatic  chart. 

The  equation  for  a reversible  adiabatic  process  is 
then  replaced  by  the  state  curve  for  a parcel.  The 
dry  adiabat  and  the  moist  adiabat  which  form  the 
state  curve  can  be  identified  by  the  condensation 
pressure  p^  and  the  condensation  temperature  T,; 
these  are  the  values  of  p and  T at  their  intersection. 
The  dry  adiabat  can  also  be  Identified  by  the 
condensation  potential  temperature  6^  while  the 
moist  adiabat  can  be  identified  by  the  equivalent 
potential  temperature  6,;  these  are  the  values  which 
the  potential  temperature  6 of  the  parcel  acquires 
or  approaches  as  p reaches  p^  or  approaches  0.  In 
the  absence  of  clouds  =■  O',  in  the  absence  of 
water  vapor  S,.  = 0. 

In  passing  from  the  given  field  to  an  equivalent 
field  a parcel  retains  its  state  curve  and  hence  its 
values  of  and  B,.  Its  new  state  can  therefore  be 
identified  by  specifying  its  new  value  of  p.  It  follows 
that,  given  a mass  field,  the  reference  field  can  he 
completely  described  by  specifying  the  pressure  p, 
which  each  parcel  will  acquire.  We  shall  call  p,  the 
reference  pressure. 

The  adiabatic  chart  is  perhaps  more  familiar  to 
earlier  generations  cf  meteorologists  than  today's 
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Fig.  I A hypothetical  mast  field.  Abscissa  is  Tractional  area  of  earth's  surface.  Ordinate  is  p (mb).  Solid  curves  show 
r (K).  Dashed  curves  show  r (%). 


F(g  ' Alernacive  representation  of  mass  Held  of  Fi|.  I.  Solid  curves  show  8,  (K1  Dashed  curves  show  8,  (K): 
unlabetcd  9,  curves  are  asymptotic  to  curves  with  same  values  Doited  curves  show  p,  (mb). 


computer  orietited  generation.  It  is  described  in  as 
much  detail  in  earber  teatbooks  (Haurwiu,  1941; 
Pencrsseti.  1941)  as  m more  recent  ones.  One 
feature  should  be  noted. 


The  most  important  dynamic  e'''ects  of  moisture 
are  those  resulting  from  the  release  of  latent  heat 
during  condensation,  and  the  reverse  process 
during  evaporation.  Secondary  effects  occur 
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b«cause  the  density  of  air  containing  water  vapor 
or  liquid  water  differs  from  that  of  dry  air  at  the 
same  pressure  and  temperature,  and  the  effective 
specific  heats  are  different.  The  secondary  effects 
are  disregarded  in  constructing  the  adiabatic  chart. 
Without  this  simplification  there  would  be  an 
infinite  number  of  dry  adiabats  and  moist  adiabats 
through  each  point  on  the  chart,  instead  of  just  one 
of  each. 

Our  graphical  procedure  must  therefore  be 
approximate.  As  an  additional  approximation  we 
shall  not  distinguish  between  temperature  and 
virtual  temperature.  This  will  not  lead  to  any 
thermodynamic  inconsistencies;  it  is  possible,  for 
example,  to  visualize  a planet  where  “dry  air” 
consists  of  a mixture  of  nitrogen,  oxygen,  and 
helium  having  the  same  effective  molecular  weight 
as  water. 

In  Fig.  2 the  mass  held  of  Fig.  1 is  represented 
by  curves  of  constant  and  9,.  Also  shown  are 
curves  of  constant  p,.  All  of  the  values  have  been 
determined  from  an  adiabatic  chart.  We  seek  the 
curves  of  constant  p,. 

Among  the  possible  transformations  of  a given 
mass  held  into  an  equivalent  Held,  certain  ones  can 
be  realized  by  superposing  an  arbitrary  motion  Held 
on  the  mass  held,  and  then  allowing  the  at- 
mospheric state  so  obtained  to  vary  according  to  a 
closed  system  of  equations,  including  the  reversible 
thermodynamic  equation  without  heating,  the 
equation  of  mass  continuity,  and  the  equations  of 
motion  without  friction.  The  change  in  the  NKE  of 
the  mats  held  during  such  a transformation  is  equal 
and  opposite  to  the  change  in  the  KE  of  the 
accompanying  motion  held. 

From  these  transformations  we  can  readily 
deduce  certain  properties  of  the  reference  held. 
First  of  all,  the  isobaric  surfaces  must  be  horizon- 
tal. For  otherwise  we  could  superpose  a zero 
motion  on  the  reference  held,  and  obtain  a state 
where  the  honzontal  accelerations  would  produce 
K.E.  In  particular,  the  surface  pressure  p,  must  be 
constant,  and  approximately  equal  to  its  average 
value  p,  in  any  equivalent  Held. 

Next,  the  held  must  be  in  exact  hydrostatic 
equilibrium.  For  otherwise  we  could  again  super- 
pose a zero  motion  held  on  the  reference  Held,  and 
the  vertical  accelerations  would  produce  KE. 
Hence  a must  also  be  horizontally  stratihed,  and  so 
therefore  must  every  function  of  a and  p,  including 
the  (virtual)  temperature. 

Finally,  the  stratihcation  must  be  stable.  For 
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otherwise  we  could  superpose  a weak  random 
motion  held  on  the  reference  Held,  and  the  KE 
would  subsequently  increase.  The  conditions  for 
stability  are  precisely  those  appearing  in  classical 
atmospheric  convection  theory;  in  the  dry  at- 
mosphere 0 cannot  decrease  with  increasing 
elevation,  while  in  the  moist  atmosphere  0^  cannot 
decrease  in  unsaturated  air  and  0,  cannot  decrease 
in  saturated  air.  Furthermore  there  can  be  no  real 
latent  instability  (see  the  textbooks  previously 
cited). 

In  the  dry  atmosphere  it  follows  that  0 is 
horizontally  stratihed.  This  requirement,  together 
with  the  upward  increase  of  0,  immediately 
determines  the  reference  field.  A p,-curve,  say 
p,  = p,,  is  a ff-curve,  say  S = 0y  Moreover,  p,/Po  is 
the  fraction  of  the  mass  of  the  atmosphere  where  0 
exceeds  9,. 

For  the  dry  atmosphere  with  the  same  tem- 
perature field  as  the  moist  atmosphere  shown  in 
Fig.  I,  the  held  of  0 is  the  same  as  the  field  of  0^  in 
Fig.  2,  since  there  is  no  saturation.  The  correspond- 
ing reference  field  is  described  by  relabeling  the  9- 
curves  with  the  appropriate  values  of  p,;  these 
appear  in  Fig.  3.  The  curve  p=Pr,  which  separates 
the  parcels  which  rise  in  passing  to  the  reference 
field  from  those  which  sink,  is  also  included. 

In  the  moist  atmosphere  the  horizontal 
stratifications  of  p and  a do  not  require  that  any 
quantity  which  is  constant  along  a state  curve  be 
horizontally  stratified  everywhere.  We  find  instead 
that  0^  must  be  horizontally  stratified  within  the 
unsaturated  portion  of  the  reference  field  while  0, 
must  be  horizontally  stratified  witliin  the  saturated 
portion.  A p,-curve  therefore  consists  of  a part  of  a 
single  -curve,  together  with  a part  of  a single  9,- 
curve.  Moreover  the  intersection  of  these  curves,  if 
it  exists,  lies  on  the  curve  p,  = p^. 

To  locate  the  p,-curves  in  Fig.  2,  consider  a 
1 curve  of  constant  p^  say  p,  = 8(X)  (mb).  Choose  an 
arbitrary  point  C on  this  curve,  say  where  x = 0.4. 
Through  C we  find  the  curves  9,  = 290  (K)  and  9, 
= 300.  If  C lies  on  the  curve  p,  = 800,  and  hence 
on  p,  = Pf,  the  remainder  of  the  curve  p,  = 8(W 
must  consist  of  the  portion  of  the  curve  9,  > 290 
which  is  unsaturated  in  the  reference  field,  and 
hence  where  p,  < 800,  and  the  portion  of  the  curve 
9,  <=  300  which  it  saturated  in  the  reference  held, 
and  hence  where  p,  > 800.  That  is,  it  must  consist 
of  the  portions  of  the  9,-curve  extending  upward 
and  the  9, -curve  extending  downward  from  C.  A 
further  condition,  imposed  by  the  upward  increases 
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Fig.  J.  Oistribution  of  reference  pressure  p,  (mb)  for  dry  atmosphere  with  same  temperature  disthbutioo  as  moist 
atmosphere  of  Fig.  1 . Heavy  solid  curve  is  curve  p,  = p. 


Fig.  4.  Distribution  of  reference  pressure  p,  (mb)  for  moist  atmosphere  of  Fig.  I.  Heavy  solid  curve  is  curve  p,  > p. 
Heavy  dotted  curve  is  curve  p,  >•  p^ 


of  and  is  that  8/10  of  the  tiea  of  Fig.  2 
(extendei.  to  p 0)  must  lie  above  the  curve 
p,  - 800,  and  2/10  must  lie  below. 

By  measurement  (counting  squares  on  graph 


paper)  we  And  that  the  area  below  is  too  small.  If  a 
second  point  farther  to  the  right  is  chosen,  the  area 
becomes  larger.  By  (rial  and  error  we  find  that  the 
curve  p,  = 8(X)  intersects  the  curve  p,  « 800  at  x 
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^0.53.  and  consists  of  portions  of  the  curves 
41,  = 295  and  9,  = 311. 

Repeating  this  procedure  for  other  values  of 
we  finally  obtain  Fig.  4,  which  is  analogous  to 
Fig.  3.  The  curve  p,  = p,,  which  passes  through  the 
kinks  in  the  other  curves,  separates  air  which 
becomes  saturated  in  the  reference  field  from  air 
which  remains  unsaturated.  For  the  field  of  Fig.  1, 
the  problem  is  solved. 

Because  this  field  is  rather  specialized,  the 
soluDon  of  the  general  problem  involves  additional 
considerations.  First  of  all.  the  atmosphere  is  three 
dimensional,  while  Fig.  I is  clearly  two- 
dimensional.  We  cannot  expect  in  general  that  ail 
parcels  having  a given  pressure  and  temperature 
will  have  the  same  relative  humidity.  To  handle  the 
three-dimensionality,  we  note  that  we  can  replace  a 
given  mass  field  by  any  equivalent  mass  field 
without  affecting  the  reference  field. 

Suppose  that  the  given  field  is  represented  by  the 
distnbutK.4ts  of  p,  T,  and  r in  a large  number  of 
vertical  columns,  obtained  perhaps  from  individual 
radiosonde  ascents.  For  any  condensation  pressure 
p,,  we  can  measure  the  fraction  of  the  mass  of  each 
column,  and  hence  of  the  atmosphere,  for  which 
p,  < p„ ; let  p,/p,  denote  this  fraction.  We  can  then 
construct  an  intermediate  field  by  placing  all 
parcels  with  condensation  pressure  p„  at  the 
pressure  level  p,,  and  arranging  the  parcels  so  that 
9,,  and  hence  9,,  increases  with  increasing  x.  This 
field  will  be  two-dimensional,  and  may  be  treated  in 
the  same  manner  as  the  field  in  Fig.  1. 

Next,  although  the  p,  curvet  are  found  by 
locating  the  curve  p,  = p,,  there  is  always  the 
poaaibility  that,  for  some  p,,  the  curves  p,  = p,  and 
p,  = p,  will  not  intersect  at  all.  This  would  have 
happened  near  p,  = 300  in  the  case  just  considered, 
for  example,  if  the  relative  humidity  had  been 
.omewhat  lower.  We  can  deal  with  this  potentiality 
by  appending  to  the  right-hand  edge  of  the  diagram 
« strip  of  negligible  width.  Across  the  strip  we  let  T 
retain  the  same  value  as  at  x = 1,  but  let  r increase 
t ) values  M large  as  desired.  The  curvet  p,  = p, 
snd  p,  = p,  will  the:,  intersect  within  the  strip.  In 
effect  we  shall  have  added  to  the  given  field  a tingle 
curnulonimbut  cloud.  Since  real  global  matt  fields 
rvariably  contain  cumulonimbus  cloudt.  we  shall 
not  have  done  violence  to  the  given  field,  nor  to  the 
ptfercnce  field. 

A more  serious  problem  can  arise  when  a 
considerable  ponion  of  the  given  field  it  condition- 
aly  unstable.  It  may  then  occur  that,  at  we 
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determine  the  intersections  of  the  curves  p,  = p, 
with  p,  = p,  for  successively  higher  values  of p,,  we 
shall  at  some  point  encounter  higher  values  of  9^ 
even  though  we  continue  to  encounter  lower  values 
of  fl,.  The  p,-curves  would  then  cross  one  another. 
Clearly  this  cannot  happen,  and  the  procedure  is 
unacceptable. 

A solution  is  at  follows.  We  let  the  curve  p,  = p, 
determined  by  the  original  procedure  be  a provisio- 
nal curve.  We  accept  this  curve  from  the  top  of  the 
atmosphere  down  to  the  point  where  it  first 
becomes  tangent  to  a tf,-curve,  say  9,  = where 

р,  = p„.  Below  the  point  where  the  provisional 

curve  again  intersects  the  curve  9,  = 9,,,  where 
Pc  - Pel’  ^ intersection  exists,  we  again 

accept  the  curve,  unless  it  again  becomes  tangent  to 
a 9,-curve,  in  which  case  we  repeat  the  process. 

For  values  of  p,  between  p„  and  p,p  however, 
the  p,-curves  consist  entirely  of  segments  of  9,- 
curves,  originating  at  the  left  of  the  diagram  and 
terminating  on  the  curve  9,  = 9„.  Within  this 
interval  the  curve  p,  = p,  does  not  exist,  and  the 
curve  which  separates  saturated  air  from  un- 
saturated air  in  the  reference  field  is  the  curve 
9,  = 9„ . Parcels  which  are  close  together  but  on 
opposite  sides  of  this  curve  in  the  given  field  may  be 
far  apart  in  the  reference  field. 

We  suspect  that  this  situation  does  not  often 
arise  in  the  course  of  determin  j a global  or 
hemispheric  reference  field.  We  are  more  likely  to 
encounter  it  in  working  with  a limited  region,  which 
can  easily  be  conditionally  unstable  everywhere. 

3.  Detemiliiatioii  of  the  available  energy 

Having  found  the  reference  field,  we  can  also 
evaluate  the  available  energy  graphically.  Fig.  5 
illustrates  the  method  for  the  dry  atmosphere.  It  is 
an  adiabatic  chart,  without  the  background  curves. 
The  abscissa  it  9 and  the  ordinate  it  (p/p,)*, 
decreasing  upward.  Here  k,  assumed  equal  to  2/7, 
is  the  ratio  of  the  gas  constant  R to  the  specific  heat 

с,  at  constont  pressure. 

The  chart  it  an  equal-area  transformation  of  a 
p-a  diagram.  It  is  more  convenient  for  our 
purposes  than  the  more  familiar  chart  with  coor- 
dinates T and  Inp;  the  dry  adiabats  are  exactly 
vertical,  and  the  ordinate  at  the  top  of  atmosphere 
is  finite. 

The  heavy  curve  is  a “sounding"  through  the 
reference  field,  i.c.,  a graph  of  (p^p,)*  against  9. 
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Graphical  procedure  for  evaluatmf  moiit  available  eoer|y.  Sec  text  for  explanation. 


determined  from  Fig.  3.  The  thin  tinea  are  state 
curves  for  two  selected  parcels,  located  in  Fig.  1 at 
.X  = 1,  ps  1000,  where  ^•299,  and  x»0, 
p • 350,  where  8 » 295.  Since  the  atmosphere  is 
dry  the  state  curves  are  dry  adiahats  and  are 
therefore  vertical. 

The  decrease  in  the  speciHc  enthalpy  A of  a 
parcel  as  it  rises  through  a segment  of  its  state 
curve  is  proportional  to  the  area  on  the  chart 
(extended  to  0 0)  to  the  left  of  this  segment.  The 
factor  of  proportionality  is  r,  (»  1000  m’  s'‘  K*'). 


The  shaded  rectangle  in  the  lower  right  of  Fig.  5 is 
of  unit  area  (in  K),  and  so  represents  a specific 
enthalpy  of  lO’Jkg*'.  Thus,  u the  lower  parcel 
ascends  to  its  reference  preuure.  h drops  by 
26  X 10’  1 kg*',  while,  as  the  upper  parcel  de- 
scends. h rises  by  57  x 10’  J kg"'.  The  total  Iom  of 
enthalpy,  and  hence  the  available  energy,  may  be 
obtained  by  summing  the  areas  for  all  parcels. 
However,  since  many  imperfectly  estimated  areas 
of  opposing  signs  must  be  combined,  the  error 
couM  well  be  comparable  to  the  result. 
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Ftg.  7.  Distribution  of  specific  DAE  (J  kg"')  for  dry  itmcsphere  with  same  temperature  distribution  u moist 
atmosphere  of  Fi|.  I . 


Since  as  many  parcels  pass  upward  across  each 
pressure  level  as  downward,  we  do  not  alter  the 
sum  of  the  areas  by  first  subtracting  from  each  area 
to  the  left  of  the  state  curve  the  area  to  the  left  of 
the  same  portion  of  the  reference  sounding.  Since 
the  rising  parcels  are  all  to  the  right  of  the  sounding 
while  the  sinking  parcels  are  all  to  the  left,  we 
obtain  a positive  (or  zero)  net  area  for  each  parcel. 
These  areas  have  been  shaded  in  Fig.  5;  their 
magnitudes  are  1.1  K and  3.1  K.,  the  estimates 
again  being  made  by  counting  squares  on  graph 
paper. 

Fig.  6 is  like  Fig.  3,  but  for  the  moist  at- 
mosphere. The  heavy  solid  curve  is  the  reference 
sounding  determined  from  Fig.  4,  while  the  dotted 
curve  is  the  dry  reference  sounding  copied  from 
Fig.  S.  The  two  soundings  are  identical  near  the 
ground  and  the  tropopause,  but  in  much  of  the 
middle  troposphere  the  moist  sounding  is  nearly 
3 K warmer.  The  parcels  are  the  same  as  before, 
but  now  the  state  curve  for  the  lower  parcel  follows 
a dry  adiabat  only  up  to  p » 960,  and  a moist 
adiabat  from  there  up  to  p » 2 10  where  it  meets  the 
reference  sounding.  As  a consequence  a much 
larger  area  (4.4  K)  lies  between  the  state  curve  and 
the  sounding.  The  upper  parcel  also  produces  a 
larger  area  (3.9  K).  mainly  because  the  reference 
sounding  is  farther  to  the  right. 


Since  a reference  sounding  is  not  a state  curve, 
the  area  to  its  left  does  not  directly  represent 
enthalpy.  However,  the  sounding  can  be  approxi- 
mated by  a large  number  of  short  segments  of  state 
curves.  Each  shaded  area  therefore  represents  the 
net  enthalpy  loss  which  will  occur  if  the  correspon- 
ding parcel  rises,  or  sinks,  to  its  reference  pressure, 
while  the  numerous  parcels  which  it  passes  all  sink, 
or  rise,  by  minute  amounts  to  fill  the  gap.  We  shall 
call  such  an  enthalpy  loss  the  specific  dry  available 
energy  a^  or  the  specific  moist  available  erurgy  o„ 
of  the  parcel,  according  to  whether  the  atmosphere 
is  treated  as  dry  or  moist.  For  the  parcels  in  Figs.  5 
and  6,  a^  equals  1100  and  3100  J kg*',  while 
equals  4400  and  3900  J kg-'.  To  our  knowledge, 
the  specific  available  energy  of  a parcel  has  not 
previously  been  defined. 

The  parcels  in  Figs.  3 and  6 were  chosen  as 
extremes.  Most  parcels  contribute  much  less  to  the 
total.  Figs.  7 and  8 show  the  distributions  of  a^  and 
for  the  dry  and  moist  atmospheres.  In  either 
case  the  larger  values  occupy  small  portions  at  low 
levels  in  warm  regions,  and  at  high  levels  in  cold 
regions.  The  big  contribution  in  the  moist  case 
which  has  no  counterpart  in  the  dry  case  is  due  to 
the  warm  humid  air  near  the  surface  in  the  tropics. 

By  again  counting  squares  in  Figs.  7 and  8 we 
have  produced  the  curves  in  Fig.  9.  The  ordinate  is 


T<llusHi(I977).| 


I 


-16- 


Flg.  $.  Oiitnbutjon  of  speoAc  MAE  a,  (J  k|~')ror  moist  Mmosphcrt  of  Fi|.  I. 


Fig  9.  Probtbtlity  dinnbutiont  of  (docttd  curve)  ind  a,  (solid  curve)  determined  from  Fi|s.  7 and  S.  Ordinate  is 
or  a,  (J  k$  - ').  Abscissa  is  fractiooal  area  to  leO  of  oorreepoodlni  or  a.-curve  in  Fis.  7 or  8. 


the  label  on  a curve  in  Fi(.  7 or  Fi(.  8,  while  the 
abtcitaa  represents  the  area  to  the  Ml  of  the  same 
curve.  Above  200  mb  and  a.  are  assumed  to 
vanish.  The  averafc  heifhts  of  the  doited  and  solid 
curves  are  proportional  to  the  total  DAE  and 


MAE,  respectively.  ThCK  are  found  to  be  330  and 
400 joules  per  kg  of  the  atmosphere's  mass. 

For  the  general  case  a preliminary  step  is 
needed,  since  p,  is  not  ordinarily  constant.  We 
construct  an  intermediate  equivalent  Held  by 


i 


"c 
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Fig  10.  Graphical  procedure  for  evaluating  efficiency 
faciori  .V  and  V See  teat  for  explanation. 


DAE,  while,  since  the  inter  mediate  field  il  not  the 
moist  reference  field,  the  MAP.  is  still  larger. 

Il  is  of  Interest  that  Margules  (1903)  concluded 
that  water  would  have  little  effect  on  the  amount  of 
available  energy  (fowever,  m his  highly  idealized 
treatment,  he  compared  a dry  air  mass  having  a 
dry  adiabauc  lapse  rate  with  a moist  air  mass 
having  a moist  adiabatic  lapse  rate  and  the  same 
average  temperature.  Had  he  compared  two 
masses  with  the  sar ; lapse  rates  as  well  as 
temperatures,  he  would  have  found  more  available 
energy  in  the  moist  case. 

We  may  compare  our  numerical  values  with  the 
composite  estimate  of  550  J kg"'  for  (dry)  APE, 
obtained  by  Oort  (1964).  Both  of  our  values  are 
smaller,  but,  since  Fig.  I is  based  on  averages,  our 
values  should  be  belter  representations  of  zonal 
available  energy,  which  Oort  estimated  to  be 
4(X)  J kg*‘.  Moreover,  since  the  real  contribution  of 
parcels  above  200  mb  is  not  zero,  our  values  are 
presumably  underestimates.  They  are  therefore  in 
agreement  with  what  we  should  have  expected. 
Very  likely  we  have  underestimated  the  ratio  of 
MAE  to  DAE  by  averaging  the  relative  humidities. 


displacing  each  parcel  whose  pressure  exceeds  p, 
along  Its  state  curve  to  a pressure  less  than  p,,  thus 
“hlbng  in”  the  bottom  of  the  region  where  p,  < p^ 
The  addiuonal  contribution  of  each  of  these  parcels 
to  the  available  energy  is  represented  by  the  full 
area  to  the  left  of  the  segment  of  the  state  curve, 
and  may  therefore  be  substantial.  However,  smcc 
not  too  many  parcels  are  involved,  the  total  effect 
need  not  be  too  large.  If,  for  example,  p,  varies 
linearly  from  1040  to  960  mb,  the  net  contribution 
will  be  about  203  kg  '. 

The  result  that  MAE  exceeds  DAE  if  there  is 
any  saturation  is  general.  To  establish  this,  we  may 
construct  an  intermediate  equivalent  mass  Held  by 
displacing  each  parcel  along  lU  moist  stale  curve  to 
the  pressure  which  it  would  assume  in  the  dry 
reference  field.  Again  as  many  parcels  pass  upward 
across  each  pressure  level  as  downward,  so  that  the 
areas  between  the  moist  state  curves  and  the  dry 
reference  sounding  again  represent  enthalpy 
changes.  For  those  parcels  which  are  unsaturated 
in  the  given  and  intermediate  fields,  the  areas  arc 
the  same  as  in  the  dry  case  (Fig.  5);  for  those 
parcels  which  encounter  saturation,  the  areas  are 
greater  The  loss  of  enthalpy  in  passing  from  the 
given  to  the  intermediate  field  therefore  exceeds  the 


4.  Cicnenidon  and  destruction  oF  available 
energy 

Like  available  energy  itself,  the  influence  of 
heatmg  and  cooling,  and  also  evaporation  and 
precipitation,  upon  available  energy  can  be 
evaluated  graphically.  The  area  to  be  measured  for 
this  purpose  is  the  area  between  the  state  curve  of  a 
parcel  and  the  state  curve  which  the  same  parcel 
will  subsequently  possess. 

Fig.  10  illustrates  the  evaluation  procedure.  It 
consists  of  an  enlarged  section  of  an  adiabatic 
chart.  The  heavy  solid  curve  is  the  moist  reference 
sounding  copied  from  Fig.  6.  The  two  points 
labeled  P represent  the  states  of  two  parcels, 
chosen  so  that  p,  lies  between  p and  p,  in  either 
case.  For  one  parcel  p = 860,  T = 293,  r «■  0.40, 
while  for  the  other  p « 560,  T * 254,  r =*  2.00 
(meaning  that  the  liquid  water  content  equals  the 
water  vapor  content).  Parcels  with  these  states  do 
not  actually  appear  in  Fig.  1.  The  two  curves  PCR 
and  their  extensions  are  the  state  curves. 

A suitable  amount  of  heating  will  displace  the 
points  P to  the  points  P‘.  The  curves  P'C'R'  and 
their  extensions  are  the  resulting  state  curves.  Since 
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Flg.  II.  Distribution  of  S (dimensionless)  for  dry  atmosphere  with  same  temperature  distribution  as  moist 
atmosphere  of  Fig.  1. 


the  mass  of  a parcel  is  negligible  compared  to  that 
of  the  atmosphere,  changes  in  the  reference  field 
need  not  be  considered.  The  heating  raises  the 
condensation  levels;  thus,  as  one  moves  upward 
past  C.  the  curves  PCR  and  P'CR'  become 
suddenly  much  closer,  then  slowly  diverge.  The 
changes  in  MAE  are  represented  by  the  areas 
PCRR'CP' 

To  determine  the  effect  of  an  arbitrary  amount 
of  heating  (or  cooling)  we  can  define  an  efficiency 
factor  N as  the  ratio  of  the  gain  in  available  energy 
to  the  total  heating.  The  latter  amount  equals  the 
accompanying  gain  in  enthalpy,  and  is  represented 
by  the  portion  of  the  shaded  area  extending  from 
PP'  to  the  top  of  the  atmosphere.  In  measuring  this 
area  we  note  that  Fig.  10  would  need  to  have  been 
drawn  3.44  times  as  tall  to  reach  the  zero  pressure 
level.  The  extensions  of  the  state  curves  are,  for 
praaical  purposes,  parallel  above  3(X)mb,  where 
{p/pj^  « 0.709.  The  values  of  Af  are  the  limiting 
ratios  of  the  former  areas  to  the  latter  u P' 
approaches  P-,  these  arc  found  to  be  >0.043  for  the 
right-hand  parcel  and  -0.062  for  the  left 

For  the  dry  atmosphere  the  evaluation  of  ,V 
proceeds  similarly,  but  the  state  curves  are  vertical 
throug.Krut  the  atmosphere.  As  a consequence  it  is 


unnecessary  to  measure  areas;  lengths  will  suffice. 
The  dotted  curve  is  the  dry  reference  sounding 
copied  from  Fig.  3;  using  this  instead  of  the  solid 
curve,  we  find  that  the  values  of  N are  >0.038  and 
-0.066. 

Fig.  1 1 shows  the  distribution  of  N for  the  dry 
atmosphere.  Heating  in  the  troptes  is  at  most  10% 
effective.  Cooling  in  the  upper  polar  troposphere 
seems  to  be  the  most  efficient  means  of  producing 
DAE. 

The  distribution  of  N for  the  moist  atmosphere 
appears  in  Fig.  12.  The  extreme  values  arc 
appreciably  larger  than  in  the  dry  case.  Evidently 
the  mere  presence  of  water  vapor  can  make  heating 
in  the  tropics  more  efficient. 

To  determine  the  direct  effect  of  evaporation  and 
precipitation  we  return  to  Fig.  10.  By  evaporating  a 
suitable  amount  of  water  into  the  right-hand  parcel 
or  precipitating  a suitable  amount  from  the  left, 
without  simultaneously  changing  the  temperature, 
we  can  replace  the  state  curves  by  curves  passing 
through  the  poinu  R'.  The  shaded  areas  then  have 
zero  width  between  P and  the  new  condensation 
levels  C",  and  the  changes  in  MAE  are  represented 
by  the  areas  CRR'C’,  which  are  smaller  than  the 
utu  PCRR'CP'. 
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For  evaporation  we  can  define  a second 
efficiency  factor  S'  as  the  ratio  of  the  gain  of  MAE 
to  the  latent  energy  added.  The  latter  ii  equal  to  the 
gam  in  enthalpy,  and  is  represented  by  the  shaded 
area  extending  from  CC”  to  the  top  of  the 
atmosphere.  We  find  that  S'  » +020. 


For  precipitation  there  is  no  enthalpy  change. 
We  therefore  define  S'  as  the  ratio  of  the  (negative) 
gam  in  MAE  to  the  latent  energy  which  the 
precipitating  water  possessed  before  it  condensed. 
To  evaluate  the  latter  amount  graphically  we  note 
thill  if,  following  the  precipitation,  the  parcel  at  P 
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should  be  lowered  to  C.  approximately  the  desired 
a nount  of  latent  energy  would  be  addrd  by 
evaporating  as  much  water  as  had  precipitated, 
without  changing  the  temperature.  This  would 
lower  the  coiidensation  level  from  C"  back  to  C, 
and  the  accompanying  gam  in  enthalpy  would  be 
represented  by  the  shaded  area  extending  from 
C"C'  to  the  top  of  the  atmosphere.  We  find  that 
.V  = .041. 

These  results  can  be  generalized.  When  a parcel 
IS  on  the  verge  of  saturation,  points  P and  C 
comcide  Hence  .V  = Af,  and  evaporation  and 
precipilauon  are  just  as  efficient  as  heating  in 
producing  MAE.  When  C is  much  closer  to  P than 
to  K.  as  is  typical,  for  example,  in  unsaturated  air 
at  low  levels  in  the  tropics,  and  in  clouds  at  higher 
levels  in  the  polar  regions,  evaporation  is  nearly  as 
efficient  as  heatmg  When  C is  instead  close  to  R, 
evaporation  and  precipitation  are  mefficient,  and 
when  C passes  R.  .V'  vanishes.  Thus  evaporation 
into  air  which  remains  unsaturated  in  passing  to  the 
reference  field,  e g.,  into  cold  dry  air  masses  moving 
over  polar  oceans,  and  precipitation  from  air  which 
remains  saturated  in  passing  to  the  reference  field, 
e g.,  from  cumulonimbus  clouds  m the  tropics,  do 
not  affect  MAE  at  all 

When  the  evaporation  occurs  from  fallmg  rain 
instead  of  from  the  surface,  it  is  accompanied  by 
cooling.  According  to  our  analysis,  the  cooling  will 
have  the  greater  influence  on  MAE,  since  N is 
numerically  greater  than  ,V'. 

Fig.  13  shows  the  distribution  of  N'  for  the  moist 
atmosphere.  Evaporation  is  necessarily  effective 
only  below  the  curve  p,  = p^,  and  most  efficient  m 
the  tropics.  No  negative  efficiencies  (for  pre- 
cipitation) appear  above  the  curve  p,  = p^,  since  no 
clouds  were  assumed  in  Fig.  I.  With  clouds, 
negative  values  generally  smaller  than  those  in 
Fig.  12  would  appear  in  similar  locations. 

5.  Maintenance  of  a moiit  circulation 

We  have  shown  that  it  is  feasible  to  redefine 
available  potential  energy,  basing  the  new  definition 
upon  dry  adiabatic  and  moist  adiabatic  changes  of 
state  To  show  that  we  have  done  something 
beyond  flnduig  a pretty  solution  to  a pretty 
problem,  we  must  demonstrate  that  the  new 
cofKept  can  eventually  add  to  our  understanding  of 
the  general  circulation 


In  A we  compared  a typical  temperature 
distribution  with  a typical  distribution  of  heating, 
and  obtained  a crude  estimate  of  4 watts  per  m'  of 
the  earth's  surface  for  the  rate  at  which  APE  is 
generated.  On  the  average  this  rate  must  equal  the 
rate  at  which  APE  is  converted  into  KE,  thus 
maintaining  the  circulation,  and  also  the  rate  at 
which  ICE  is  dissipated. 

By  considering  the  typical  wind  structure  in  the 
boundary  layer.  Brunt  (1926)  estimated  the  latter 
rate  to  be  5 W m Computation  of  the  generation 
of  APE  provides  an  independent  means  of 
estimation.  Subsequent  estimates  have  been  abun 
dant,  and  have  ranged  from  less  than  half  to  more 
than  twice  this  amount.  Yet  despite  the  com- 
parative wealth  of  data,  there  is  still  no  clear 
indication  that  Brunt’s  value  was  too  high  or  too 
low. 

We  can  likewise  estimate  the  rate  of  generation 
of  MAE,  by  comparing  the  distributions  of  the 
efficiency  factors  \ and  S'  with  those  of  the 
generating  processes  - heating  and  cooling, 
evaporation  and  precipitation.  Ideally  we  should 
obtain  the  same  value  as  in  the  dry  case,  because 
both  values  should  equal  the  rate  at  which  KE  is 
generated  and  dissipated.  It  is  hardly  to  be  expected 
that  the  answers  will  agree,  especially  in  view  of  the 
difficulty  in  estimating  the  vertical  distributions  of 
the  generating  processes.  What  should  be  indicated 
more  reliably  is  the  relative  importance  of  heating- 
cooline  and  evaporation-precipitation. 

For  the  most  meaningful  results  we  should 
determine  the  generation  on  a day -by -day  basis.  It 
is  doubtful  that  suitable  data  are  available,  and,  in 
any  event,  the  procedure  would  require  laborious 
computations.  Meanwhile  we  can  make  crude 
estimates,  analogous  to  the  one  in  A,  by  using 
averages. 

We  have  done  this  by  comparing  the  efficiency 
factors  in  Figs.  12  and  13  with  northern- 
hemisphere  annual  average  rates  of  the  generating 
processes,  as  given  by  Newell  et  al.  (1974).  Using 
the  values  of  net  radiation  originally  obtained  by 
Dopplick  (1974),  we  And  a contribution  to  the 
generation  of  MAE  of  -0.4  Wm*’.  Boundary- 
layer  healing,  due  mainly  to  small  scale  turbulence, 
and  assumed  to  be  uniformly  distributed  between 
1000  and  850  mb,  contributes  0.9  W The 
combined  contribution  of  heating  and  cooling, 
0.5  Wm'',  seems  totally  inadequate  to  maintain 
the  supply  of  MAE. 
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Tabk  1.  Eslimated  rates  of  generation  of  moist  avaitahle  energ}'  (MAE)  and  dry  available  energy 
(DAE)  by  various  generating  processes.  Letters  (D)  or  (R)  Indicate  that  radiation  values  of  DoppUck 
(1974)  or  Rodgers  (1967)  were  used.  Units  are  tf' m ‘ 


Generaung  process 

MAE(D) 

.MAE  (R) 

DAE(D) 

DAE(K) 

Radiation  (Ral 

-0.4 

13 

-1.3 

-0.1 

Boundary  layci  heating  (BL) 

09 

09 

0.7 

0.7 

Evaporauon  (Fv) 

4.3 

4.3 

— 

— 

Precipitation  (PR) 

-1.3 

-1.3 

— 

— 

Condensation  (Co) 

— 

— 

2.4 

2.4 

Ra  > Bt. 

05 

2.2 

-0.6 

0.6 

Ev  r Pr,  or  Co 

3.0 

3.0 

2.4 

2.4 

Tolal 

3.5 

5.2 

1.8 

3.0 

If  we  compare  estimates  of  evaporation  with 
values  of  .V"  at  the  surface,  we  obtain  a generation 
of  6.0  W m We  believe  that  this  figure  is 
unrealistically  large.  In  order  that  evaporation  into 
the  surface  layer  may  continue,  the  newly  acquired 
water  vapor  must  be  continually  carried  upward  by 
turbulent  nldies.  Much  of  this  turbulence  occurs  on 
the  scale  of  cumulus  convection.  Such  motion 
would  convert  the  available  energy  into  turbulent 
kinetic  energy,  whose  subsequent  dissipation  is  not 
included  in  conventional  estimates  of  KE  dis 
sipation. 

We  can  estimate  the  combined  effect  of 
evaporation  and  turbulence,  without  considenng 
turbulence  explicitly,  by  assuming  that  the 
evaporation  occurs  uniformly  in  a somewhat 
deeper  boundary  layer.  We  have  taken  this  layer  to 
extend  from  1000  to  830  mb,  as  m the  Newell  et  al. 
treatment  of  boundary  layer  heating.  We  then 
obtain  a generation  of  4.3  W m*'. 

Precipitation  requires  further  assumptions,  since 
Fig.  13  is  based  upon  a completely  cloudless  mass 
field.  For  our  computations  we  have  taken  ,V'  to 
equal  N.  as  given  in  Fig.  12,  wherever  .V  is  negative, 
while  .V  « 0 where  S is  positive.  We  obtain  a 
generation  of  — 1.3Wm'',  giving  3.0  Wm'^  for 
the  combined  evaporation  precipitation  effect.  Our 
tentative  conclusion  is  that  the  latter  effect  is  the 
dominating  one. 

Dopplick  presents  a second  set  of  values  for  net 
radiation,  obtained  by  Rodgers  (1967).  Using  these 
values  instead  of  Dop'Uck's  own,  we  obtain  a 
radiative  generation  of  r.i.3  W m '.  According  to 
Dopplick.  the  differences  in  the  two  estimates  result 
mainly  from  different  assumptions  regarding  the 


distribution  of  clouds.  If  the  revised  estimate  is 
acceptable,  heating  cooling  and  evaporation- 
precipitation  may  be  of  comparable  importance  in 
generating  MAE.  In  either  event,  it  would  seem 
that  any  description  of  the  general  circulation  as  a 
dry  circulation  is  open  to  question. 

Newell  et  al.  encountered  a similar  situation 
when  using  both  sets  of  radiation  data  to  evaluate 
the  generation  of  (dry)  APE.  As  a check,  we  have 
made  similar  computations,  using  the  values  of  Af 
in  Fig.  1 1,  and  our  results  differ  only  slightly  from 
theirs.  Table  1 compares  our  evaluations  of  the 
generation  of  both  MAE  and  DAE  by  the  various 
generaung  processes,  using  both  sets  of  radiation 
data. 

Perhaps  more  striking  than  the  differences  due  to 
the  uncertainty  in  radiation  is  the  fact  that, 
whichever  set  of  data  is  used,  the  generation  of 
MAE  exceeds  that  of  DAE  by  a substantial 
amount.  In  the  long  run  this  should  not  happen, 
since  both  rates  should  equal  the  rate  of  production 
of  KE.  An  explanation  is  needed. 

It  is  easy  enough  to  say  that  our  fabricated  mass 
field  and  the  data  of  Newell  et  al.  are  incompatible, 
and  that  no  agreement  should  have  been  expected. 
For  one  thing,  the  moisture  which  was  averaged  to 
produce  our  relative  humidities  in  Fig.  I presum- 
ably did  not  include  the  cloud  water.  However,  we 
believe  that  the  excess  generation  of  MAE  over  that 
of  DAE  by  heating  and  cooling  may  be  real. 

The  differences  between  the  effects  of  heating 
arise  mainly  because  the  moist  reference  field  is 
warmer  than  the  dry  reference  field  in  the  middle 
troposphere,  whence  ‘.he  values  of  .V  at  these  levels 
in  Fig.  1 2 are  lower  than  those  in  Fig.  1 1 . The  net 
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heating  proves  to  be  negative  everywhere,  except  in 
the  boundary  layer,  and  as  a lesult  heating 
produces  a smaller  negative  or  greater  positive 
amount  of  M.\E  than  of  OAF.. 

Evaporation  and  precipitation  should  therefore 
produce  less  MAE  than  the  DAE  produced  by 
condensation,  and  the  cause  of  the  discrepancy 
should  be  sought  here  Aside  from  noting  that  our 
assumed  values  of  .V'  in  the  precipitating  regions 
are  highly  questionable,  we  offer  three  suggestions. 

First,  we  may  have  overlooked  some  processes 
which  dissipate  MAE,  In  tropical  cumulonimbus 
convection,  for  example,  the  precipitation  appears 
to  be  ineffective,  but  the  mixing  may  be  significant. 
To  include  its  effects  we  should,  in  lower  latitudes, 
extend  the  effective  layer  of  evaporation  to  a still 
higher  level,  thereby  further  reducing  the  effective 
Af’,  and  lowering  the  generation. 

Another  possibility  arises  because  our  com 
putations  are  based  on  averages.  There  may  also  be 
a generation  of  eddy  DAE  which  is  not  accom- 
panied by  a similar  generation  of  eddy  MAE. 
Condensation  which  is  positively  correlated  with  N, 
perhaps  in  lower  middle  latitudes  where  pre- 
cipitation has  little  or  no  effect  on  MAE,  could,  if 
present,  produce  the  effect. 

Finally  the  distribution  of  condensation,  which 
has  been  assumed  to  be  the  same  as  that  of 
precipitation,  may  be  somewhat  different,  tf  water 
hu  condensed  and  moved  poleward  as  clouds  for 
some  distance  before  precipitating,  thereby  reach- 
ing lower  values  of  .V,  the  generation  of  DAE  by 
condensation  will  be  underestimated,  (t  seems, 
indeed,  that  by  introducing  the  concept  of  moist 
available  energy  we  have  raised  more  questions 
than  we  have  settled. 


6.  Concluding  rcmarki 

Available  potential  energy,  originally  defined  in 
terms  of  dry  adiabatic  processes,  can  readily  be 
redefined  in  terms  of  dry  and  moist  processes. 
Evaluation  of  the  newly  defined  available  energy  is 
a tractable  problem.  It  can  be  accomplished 
graphically  with  the  aid  of  an  adiabatic  chart. 

We  have  illustrated  the  evaluation  procedure 
with  a single  hypothetical  atmospheric  state,  based 
upon  averages.  Even  this  simple  example  is 
sufficient  to  reconfirm  the  importance  of  consider- 


ing water  ui  the  atmosphere  when  dealing  with 
atmospheric  energetics. 

For  more  definitive  estimates  of  moist  available 
energy  we  must  evaluate  it  day  by  day.  For  this 
task  the  graphical  method  would  be  extremely 
tedious.  Moreover,  it  is  highly  susceptible  to  human 
errors,  such  as  misreading  an  adiabatic  chart  or 
misplacing  a curve.  Numerical  procedures  are 
therefore  in  order. 

If  we  could  obtain  a mathematical  expression  or 
approximation  for  MAE,  as  we  did  in  A for  DAE, 
we  should  encounter  no  difficulty  in  preparing  a 
program  to  evaluate  MAE  directly.  However,  a 
suitable  expression  has  so  far  eluded  us.  We  must 
therefore  seek  an  alternative  procedure,  which 
presumably  will  begin  by  determining  the  reference 
field. 

One  possibility  would  be  to  have  the  computer 
duplicate  as  closely  as  possible  the  steps  which  we 
have  performed  graphically.  Higher-order  inter- 
polation would  probably  be  used.  Discontinuities, 
such  as  those  arising  when  much  of  the  atmosphere 
is  conditionally  unstable,  could  pose  problems. 

We  suspect  that  a procedure  which  simply 
arranges  all  the  parcels  in  order  of  decreasing 
reference  pressure,  after  choosing  a set  of  equally 
spaced  allowable  reference  pressures,  would  be 
preferable.  The  procedure  could  begin  with  an 
initial  guess,  obtained  perhaps  by  arranging  the 
parcels  in  order  of  increasing  9^.  Rearrangements, 
consisting  of  moving  a single  parcel  up  or  down 
several  rungs  on  the  ladder,  and  moving  each 
intervening  parcel  down  or  up  one  rung,  could  then 
be  made,  until  the  enthalpy  could  no  longer  be 
reduced.  The  “sounding”  through  the  reference 
field  would  then  have  been  determined,  and  the 
numerical  equivalent  of  measuring  areas  on  the 
adiabatic  chart  could  be  used  to  evaluate  specific 
available  energies. 

Having  proposed  such  a procedure,  we  may  stop 
and  ask  whether  we  have  really  defined  available 
energy  in  the  most  appropriate  manner.  In  an 
earUer  work  (Ixirenz,  1963)  we  introduced  another 
quantity  which  we  also  called  “moist  available 
energy”,  and  which  we  defined  in  terms  of  a less 
restricted  reference  field.  In  passing  to  this  field 
from  the  given  field,  the  parcels  were  required  to 
retain  their  individual  values  of  9,  and  their  average 
value  of  q,  but  not  their  individual  values  of  q\  thus 
the  water  could  be  redistributed.  Witr.  this  ot 
perhaps  still  another  definition  of  moist  available 
energy,  our  conclusions  concerning  the  relative 
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importance  of  evaporation  precipilalion  and 
heating  cooling  could  conceivably  be  reversed 

We  did  not  continue  with  the  earlier  work 
because  we  were  not  altogether  satisfied  with  the 
definition.  Our  reasoning  had  been  that  pre- 
cipitation from  clouds,  followed  by  evaporation 
from  the  falling  precipitation,  would  constitute  a 
completely  internal  priK'ess  which  would  redislri 
bute  the  water,  and  that  the  reference  field  ought  to 
be  defined  so  as  not  to  be  appreciably  altered  by 
this  process  Our  present  view  is  that  the  process, 
while  internal,  is  irreversible,  and  should,  like  other 
irreversible  processes,  be  permitted  to  alter  the 
reference  field. 

Finally  we  may  ask  whether  we  have  used  the 
correct  equation  of  state.  The  requirements  of  no 
supersaturation,  and  no  clouds  with  subsaturation, 
are  probably  appropriate  for  small  enough  parcels, 
but,  when  we  deal  with  the  general  circulation,  our 
parcels  may  be  many  kilometers  in  length,  and  may 
contain  both  cloudy  and  cloudless  regions.  Some 


equation  expressing  a continuous  relation  between 
the  average  relative  humidity  of  a parcel  and  its 
total  liquid  water  may  be  more  realistic.  The 
corresponding  slate  curves  would  then  be  smooth, 
perhaps  approaching  the  dry  adiabats  and  moist 
adiabats  as  asymptotes. 

It  appears  that  the  graphical  procedure  would 
then  no  longer  be  feasible.  The  discontinuities  in  the 
slopes  of  the  state  curves,  which  we  had  initially 
feared  might  make  the  evaluation  of  available 
energy  intractable,  proved  to  be  the  feature  which 
made  it  possible.  On  the  other  hand,  when 
numerical  methods  are  to  be  used,  a new  equation 
of  state  might  simplify  matters. 
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AOCTVnHAJl  3HEPr  MH  M HOAaEP'yKAHME  UMPKy;iBUMM  BJlAiKHOrO  B03flyXA 


joemynnan  jHepcu.n  a uixooeo  eotdyxa  oiipcnenactca 
aax  ae.'iMHHHa.  ua  aorupyio  iioicHiiHanbHaa  tuiioc 
BHyrpcMHaa  (abtiosaa  caputyKi)  iHcpiMX  Aanaoro 
no.ia  arMOcipcpHUx  viaoc  iipcasxixoAJrr  raxoiyio 
ana  mnoreiHsecaoro  orcserHoro  no.ia.  aoropoe 
Moaier  6wTk  nocipocHO  hi  aaHHoro  no.na  nepcpac- 
irpcAeiicHHCM  aiMocdiepHoH  Maccu  iipH  oOpaiHMux 
cyxo-  H B.’iaaiHoaAHaCaTMHCcaHx  npoueceax  c iieiibio 
MHHHMH  lallHM  nOTeHlIMa.IbHOR  lUIIOC  BHyipeHHCll 
ZHcptHH  joemynttas  tMeprun  cyxoeo  eotdyxa  paana 
acAHMHHe  Arx-rynHofl  wcpiHH  B.naacHoio  aoiAyxa, 
aoropaa  iipHcy tciBoaa.ia  fiu  a cyxoB  atMoutiepe  c 
rcM  are  cassuM  paciipcAc-tcHMeM  rcMiieparypa.,  aaa 
H BO  BiiaarHug  aiMocipetie.  h H.tcHiMMMa  AiKtynHOfl 
nortHuHa-ibHot  mepiHH. 

OnHcaiibi  rpa^MsecaHc  npoucAyrw  ane  onpcAC- 


.tcHHa  OTcsctHux  iiu/icR  anil  cyxoro  h BnaxcHoro 
cnysacB  h ana  ouciuih  aocrynHux  yHcprHR.  B oOuicm 
ciyvae  aixriynHaa  iHepiHX  niaxHoro  Boiayx.i 
iipcBocxoitHT  raxoByio  ana  cyxoro  Bosoyxa. 

Kaa  HarpcBaMHc.  raa  m oxnaataCHHC  oory 
iipoHVBoaMib  HjiH  paipyiuarb  aocrynHue  3HeprH'.i 
anaxHoro  h cyxoro  Boiayxa.  McnapcHHC  Moacer 
ysc  iHMHBarb  aocTynuyio  iHcpniio  snaxHoro  boi- 
Ayxa,  B TO  B|)CMH  aaa  ocaoKH  Moryr  ee  yMCHbutarb. 
npeABapHie.'ibHbie  bumhcachhh,  ocHOBaHHue  Ha 
ucpcAHeiiHbix  iionxx,  noxaiuBaioT,  xro  nonnoe 
iipoHiBOACiBO  AocryiiHoR  iHcprHH  BnaxHoro  bos- 
oyxa  b npoueceax  HcnapeiiHx  — ucaAKOB.  no  xpaR- 
iicfl  Mcpc,  laa  xe  hc.ihko.  xax  ee  npoHSBOACTBO  a 
ripoiiecca.s  HarpeBaiiMx  — osnaxACHRH,  a,  sepoarHO, 
MHoro  fioAbuie. 


r 


Tellus 


(1977).  I 


24 


SCIENTIFIC  PERSONNEL 

Principal  Investigator:  Edward  N.  Lorenz 

Research  Assistants:  Bradley  Colman 

Ronald  Errico 
Lawrence  Marx 
Michael  Wojclk 


I 


1 

1 


